Following pioneering works, the 3D hybrid lead-halide perovskites CH 3 NH 3 PbX 3 (X=Cl, Br, I) Lett. 4, 3623-3630 (2013).). Here, we investigate theoretically the crystalline phases of one of the hybrids relevant for photovoltaic applications, namely CH 3 NH 3 PbCl 3 . Critical electronic states and optical absorption are thoroughly investigated both in the low and high temperature phases. Our findings reveal the dramatic effect of spin orbit coupling on their multiple band gaps. Their physical properties are compared to those of conventional semiconductors, evidencing inversion of band edge states.
INTRODUCTION
In less than 20 years, the low-cost technologies and the ease synthesis of the Hybrid Organic Perovskites (HOP) raised up the interest in the field of optoelectronics [1, 2] and solar cells [3] [4] [5] [6] . The lead-halide based materials are currently the most investigated. They have the general formulae (R-NH3) n PbX m , where R is an organic group and X a halogen atom. Control of the stoichiometry (n,m) affords crystal packing of various dimensionalities, ranging from three-dimensional (3D) corner-shared perovskite lattices (figure 1, [7] ) to 0D structures with isolated inorganic octahedra. Perspective of the crystal structure of CH 3 NH 3 PbI 3 at low temperature. The structure is orthorhombic (space group Pnma, [7] Recent experimental and theoretical work shows that better understanding could benefit from tools and concepts developed both in the fields of organic optoelectronics and conventional semiconductors. This can be envisioned as a change of paradigm sketched in Figure 2 . Indeed, since the initial use of 3D HOP as the sensitizer in conventional dye sensitized solar cells (DSSC) by Miyasaka and collaborators [3] , and the intermediate step by Park and colleagues [4] , developments mainly driven by the groups at EPFL (Grätzel) [9] [10] [11] and Oxford (Snaith) [12] [13] [14] lead to a gradual shift of fundamental issues from materials chemistry to solid state physics. The multifaceted aspects of the change of paradigm related to the recent technological improvements made in the use of metal-halide perovskites for converting sunlight into electrical energy are illustrated Figure 2 , including the pioneering work by Mitzi and collaborators on 2D HOP [1, 2] . Further improvements will make the best profits from both fields. Multifaceted aspects of the recent change of paradigm driven by the groups at EPFL (Grätzel) [9] [10] [11] and Oxford (Snaith) [12] [13] [14] , since the initial use of 3D HOP in DSSC by the group of Miyasaka [3] and the interim stage by Park and colleagues [4] . Mitzi's pioneering work on thin-film field effect transistors made of 2D HOPs [2] is also reported.
Thus, investigation of the physical properties of operational HOPs as well as the design of novel devices with enhanced optical responses may greatly benefit from the modeling of their optoelectronic properties. In this regard, Density Functional Theory (DFT) based simulations have proved their effectiveness. However, despite several recent DFT investigations performed for such 3D perovskites [15] [16] [17] [18] [19] [20] [21] [22] [23] , there is still need for further insight. In fact, converting sunlight into electrical energy depends on several factors among which a broad absorption across the solar spectrum is of primary importance. 3D HOPs meet these prerequisite but, despite available theoretical work and foremost experimental research efforts in the last months [11, 14] , the understanding of their attractive light-harvesting abilities remains scarce. After a brief summary of related work, we herein investigate theoretically the lead-chloride hybrid perovskite CH 3 NH 3 PbCl 3 that has not yet received much attention as compared to its lead-iodide counterpart. The choice for this compound is motivated by the improved transport properties and cell stability demonstrated for the mixed lead-halide CH 3 NH 3 PbI 3-x Cl x [13, 14] . Low and room temperature crystallographic phases are both be investigated and compared. Effect of spin-orbit coupling (SOC) is emphasized as it is still not systematically accounted for in current DFT computations, despite the large relativistic effects expected for lead-based compounds that have already been evidenced both in 2D [15] and 3D [18] HOPs.
FIRST PRINCIPLE STUDY OF CH 3 NH 3 PBCL 3

Computational Methods
Calculations were performed using the DFT implementation available in the ABINIT package [24] with the LDA or the GGA-PBE gradient correction for exchange-correlation [25] and relativistic, norm-conserving, separable, dual-space Gaussian-type pseudopotentials of Goedecker, Teter, and Hutter for all atoms [26] . For Pb, we have verified that the band structures near the band-gap do not depend on the inclusion of 5d-orbitals [17, 18] . The electronic wave-functions were expanded onto a plane-wave basis set with an energy cut-off of 950 eV. 4x4x4 and 8x8x8 Monkhorst-Pack grids are used for reciprocal space integration in low temperature and high temperature structures, respectively. Calculations were performed with and without spin-orbit coupling (SOC). For simulating the high temperature phases, organic cations have been replaced by Cs + located at the nitrogen position. This procedure has already been checked previously for CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 [18] and was further confirmed in this work using the low temperature structure of CH 3 NH 3 PbCl 3 (see part 2.2).
Results for CH 3 NH 3 PbCl 3
At low temperature, CH 3 NH 3 PbI 3 ( Figure 1 , [7] ) and CH 3 NH 3 PbBr 3 [27] present an ordered orthorhombic structure of space-group Pnma (Z=4), with a cell doubling when compared to the primitive cell of the room temperature partially disordered and centered tetragonal phase of CH 3 NH 3 PbI 3 [28] . These ordered orthorhombic crystalline structures have already been used to perform a thorough DFT study of these HOPs [18] . Both compounds exhibit an averaged disordered cubic phase (space group Pm3m, Z=1) at high temperature [27] . The structural disorder is both associated to the rotation of methylammonium cations and tilts of lead-halide octaedra. The low temperature phase of CH 3 NH 3 PbCl 3 was not yet investigated due to limitations of available computational resources. Indeed, this compound has also an orthorhombic low temperature phase (Pnma space group) (figure 3, [29] ), but with a unit cell twice larger (Z=8) than that of CH 3 NH 3 PbI 3 [7] and CH 3 NH 3 PbBr 3 [27] . This is associated to a cell doubling in the (a,c) plane (figure 1). Figure 3 . Overview of the crystal structure of CH 3 NH 3 PbCl 3 at low temperature [29] . The structure is orthorhombic (space group Pnma, Z=8). The unit cell is twice larger than those reported for the low temperature phases (Z=4) of CH 3 NH 3 PbI 3 [7] and CH 3 NH 3 PbBr 3 [27] , and eight times larger than the disordered Pm3m cubic phase (Z=1) of CH 3 NH 3 PbCl 3 at room temperature [28] . [18] , the ground state transition reveals a direct band gap at the Γ-point. The direct nature of the band gap is an essential feature for physical properties such as absorption, photoconductivity and electroluminescence. Calculated band structures obtained without SOC (figure 1, black dashed lines) reveal different characteristics for the conduction band (CB) and the valence band (VB). Close to the band gap (Γ), the VB consists primarily of one electronic band having almost isotropic energy dispersion. On the contrary, the CB evidences a more complex structure, with several different electronic states involved at the bottom of the CB. As shown in our previous studies on related compounds [18, 21] , we know from group theory that this stems from band folding in reciprocal space and symmetry breaking. In fact, symmetry analysis indicates that the CB electronic states at the Γ-point of the orthorhombic structure correspond to the triply degenerated states at the Rpoint (associated to the vectorial representation of the simple group [18, 21] ) of the room temperature Pm3m cubic phase. This apparent complex structure of the CB at low temperature is related to symmetry breaking that leads both to an increase of the unit cell volume and strain. It is worth emphasizing that the band diagram is analogous to the one of III-V bulk semiconductors in zinc-blende or würtzite structures, but with a reverse band edge electronic states ordering, including degenerate states in the CB instead of the VB. The important relativistic effects expected for lead have recently been evidenced both for 2D [15] and 3D [18] leadhalide based HOP, revealing giant SOC in the CB. Such dramatic effect of SOC is also visible in the calculated band structure of CH 3 NH 3 PbCl 3 (figure 4, blue straight lines). This result confirms that SOC induces a larger effect than that introduced by strain, leading to a simplified electronic structure for the CB. This is why effective mass approximations work well for both CB and VB of 2D [15] and 3D HOP [18, 21] . Taking SOC into account is also important to properly describe absorption in 3D HOP. Indeed, the computed absorption at the band gap may be overestimated by a factor of three if SOC is neglected [18] .
Before investigating the high temperature cubic phase of CH 3 NH 3 PbCl 3 , we need to briefly address a technical issue. In fact, in the cubic phase, methylammonium cations cannot be fixed in a preferential orientation without reducing the overall symmetry. The dynamical disorder of the organic cations thus hinders direct computation of the whole hybrid structure. Figure 5 reports the computed band structure of the orthorhombic low temperature structure of CH 3 NH 3 PbCl 3 obtained when replacing each CH 3 NH 3 with a cesium atom. The similarity between figure 5 and Figure 4 is striking and assesses further the validity of the substitution of the organic molecule by Cs, already checked for related lead-halide perovskites [18] . Following this procedure, we compute the electronic band diagrams for the high temperature Pm3m cubic phase of CH 3 NH 3 PbCl 3 both without (black dashed lines) and with (blue straight lines) SOC shown Figure 6 . The ground state transition reveals a direct band gap at the R-point. Similarly to what has been observed for the low temperature phase (Figure 4) , the giant SOC in the CB splits the triply degenerate electronic state at the conduction-band minimum. Figure  6 also evidences a secondary band gap at the M-point that is also influenced by SOC band splitting in the CB. A similar secondary band gap at the M-point has been reported for CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 [18, 21] .
Regarding band gaps at R-point, we may notice that the value calculated without SOC (1.8 eV) is closer to the experimental value (3.1 eV, [30] ) than the value calculated with SOC (0.6 eV). An even better agreement has been obtained for CH 3 NH 3 PbI 3 [18] , but it is important to underline that this agreement is fortuitous and stems from large error cancellations. In fact, the band gap is known to be underestimated in DFT ground-state computations. This can be cured by including many-body effects as illustrated by the one-shot GW correction computed for the cubic phase of CsPbI3 amounting to a 0.6 eV increase with respect to the LDA band gap [18] . Although not self-consistent, it indicates that GW and SOC impact band gaps in opposite directions. An accurate treatment would not only require self-consistent
CH3NH3PbCI3
GW corrections and concomitant inclusion of SOC, but also the dynamical screening related to the motion of the organic cations. This is clearly out of reach with current DFT codes and computational power. Band to band transitions allow computing the optical absorption spectrum of CH 3 NH 3 PbCl 3 shown Figure 7 . These results illustrate the shift of the optical band gap related to spin-orbit effects. Moreover, the slope of optical absorption near the band gap is smaller with SOC. This is related to the reduced number of critical states in the CB when SOC is considered (figures 4 and 6). The main band gap is located at the R-point but the secondary band gap at the M-point leads to further contributions to the optical absorption of CH 3 NH 3 PbCl 3 . A similar behavior has been reported for CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 [18, 21] , demonstrating that it does not depend on the nature of the halogen atom. This allows hybrid perovskites to offer broad absorption across the solar spectrum, thus meeting one of the important prerequisites for efficient solar-to-electrical power conversion.
CONCLUSION
Tremendous progress has been made recently toward high efficient solar cells and optoelectronic devices using hybrid perovskites materials. Recent experimental studies showed that the mixed halide CH 3 NH 3 PbI 3-x Cl x [13, 14] offers improved transport properties and cell stability. In line with our earlier work on CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 [18, 21] , we have theoretically investigated both the low and high temperature phases of CH 3 NH 3 PbCl 3 . This affords systematic and thorough investigation of all reference non-mixed hybrid materials. It leads to similar conclusions than for the CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 compounds. All three compounds show similar features. First, their band gap is dominated by giant spin-orbit effect acting mainly on the conduction band. This also happens for related 2D hybrids [15] . It reveals the importance of spin-orbit coupling and the reversed ordering of band-edge states as compared to tetrahedrally bonded semiconductors, for this class of lead-based perovskites, independently of their dimensionality. At room temperature, their remarkable light-harvesting properties can be related to direct and isotropic optical transitions between a triply degenerated conduction-band and a single valence-band in a simple group representation. In addition to the primary band gap at the R-point of the Brillouin zone, the secondary band gap at the M-point contributes to afford absorption of sunlight across a broad region of the solar spectrum.
